Objectives: Previous studies produced evidence that mecA, the determinant of b-lactam resistance in methicillinresistant Staphylococcus aureus (MRSA), may have originated in the most primitive and widespread animal commensal species-Staphylococcus sciuri. But how the mecA homologue (mecA1/pbpD) was captured from S. sciuri into the staphylococcal cassette chromosome mec (SCCmec) has remained unclear.
Introduction
Resistance to methicillin and to the entire class of b-lactam antibiotics is associated with the acquisition of the exogenous mecA gene, which encodes an 'extra' penicillin-binding protein (PBP2a) with low affinity for b-lactams. All Staphylococcus sciuri strainsincluding fully susceptible isolates-were shown to carry a mecA homologue (mecA1/pbpD), coding for PBP4 of S. sciuri.
1,2 When transduced into Staphylococcus aureus, mecA1/pbpD was able to reconstruct the methicillin resistance phenotype, conferring high-level, homogeneous and broad-spectrum b-lactam resistance; the activity of mecA1/pbpD was controlled by mecA regulators (mecI and mecRI) and it was able to participate in cell wall biosynthesis, producing a peptidoglycan typical of S. aureus, thereby providing additional evidence that the S. sciuri mecA1/ pbpD is the evolutionary precursor of mecA. 3, 4 The methicillin resistance determinant is carried by the mobile element staphylococcal cassette chromosome mec (SCCmec), which promoted its spread on a global scale. 5 SCCmec is composed of two central elements: the mec complex, which carries either intact or truncated forms of the regulators (mecI/mecRI), and the ccr complex, which encodes recombinases responsible for the mobility of the cassette. The recombinases encoded by the ccr genes catalyse the precise insertion/ excision of the cassette at the 5 ′ end of the orfX gene. 5 The orfX gene located near the oriC genes encodes a SPOUT methyltransferase. 6 So far, as many as 11 different types of SCCmec have been described in S. aureus, 7 -10 which vary in the combination of class of mec complex and ccr allotypes as well as in the composition of the junction regions. 7 However, the evolutionary steps in the assembly of this complex structure are not known.
Data gathered so far indicate that species of the S. sciuri group (a primordial phylogenetic clade), such as S. sciuri, Staphylococcus fleurettii and Staphylococcus vitulinus, were possibly involved in this process. Several different structural elements of SCCmec were found in these species, independently of SCCmec. This is the case for pls, ccrAB, 11 Tn554 12 and part of the hypervariable region 13 in S. sciuri and mecA regulators (mecI and mecR1) in S. fleurettii.
14 Additionally, distant homologues of SCCmec structural elements were also found outside the genus Staphylococcus, in Macrococcus and Enterococcus (ccrAB). 15, 16 However, it is still not clear how all these findings can be put together to reconstruct the evolutionary history of the primordial SCCmec.
In this study, we further explored the contribution of S. sciuri to the evolution of SCCmec. We demonstrate that ccr are frequent and highly diverse in methicillin-susceptible S. sciuri. Moreover, we found that the original location of mecA1/pbpD is in the vicinity of the integration site of ccr genes in the S. sciuri chromosome, which is within the orfX region.
Methods

Bacterial collection and isolation
A representative collection of 118 mecA1-positive, methicillin-susceptible S. sciuri isolates, which were negative for the S. aureus mecA gene, were selected in order to assemble a collection as diverse as possible in terms of host range (28 different animal and humans), isolation period and demographic and epidemiological data (Table S1 , available as Supplementary data at JAC Online). Identification at the species level was performed by 16S RNA ribotyping 17 and API-Staph (bioMérieux, France).
DNA preparation
DNA was extracted using the isothiocyanate/guanidine method as previously described. 18 Probes for ccrAB2, ccrC, mecA1/pbpD, mecI and mecR1 (membrane-spanning domain) were amplified by PCR as previously described 13 (Table S2 , available as Supplementary data at JAC Online) and purified using the DNA Clean & Concentrator kit (ZYMO Research, Irvine, CA, USA) in accordance with the manufacturer's instructions. For the preparation of the orfX probe, the PCR conditions were as follows: 1× GoTaq buffer (Promega, Madison, WI, USA), 200 mM dNTPs (Bioron, Ludigshafen, Germany), 15 mM MgCl 2 (Promega), 0.4 mM of each primer, 1.25 U of GoTaq enzyme (Promega) and 1 mg of DNA; initial denaturation at 948C for 1 min, followed by 30 cycles of 948C for 1 min, 508C for 1 min and 728C for 1 min and a final extension at 728C for 10 min. The DNA was purified as specified above. The following control strains were used as a source for the preparation of probes: S. aureus N315 (ccrAB2, mecI and mecR1), 19 S. aureus WIS (ccrC) 20 and S. sciuri K11 (mecA1/pbpD and orfX).
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Assessment of methicillin susceptibility
All isolates were screened for phenotypic resistance to oxacillin with Etest (Oxoid, Cambridge, UK), following the CLSI criteria. 21 In addition, all isolates were screened for the presence of mecA and mecA1 by PCR with specific primers (Table S2 , available as Supplementary data at JAC Online). The PCR conditions were as follows: 1× GoTaq buffer (Promega), 200 mM dNTPs (Bioron, Ludigshafen, Germany), 15 mM MgCl 2 (Promega), 0.4 mM of each primer, 1.25 U of GoTaq enzyme (Promega) and 1 mg of DNA; initial denaturation at 948C for 1 min, followed by 30 cycles of 948C for 1 min, 508C for 1 min and 728C for 1 min and a final extension at 728C for 10 min. Isolates were considered to be susceptible to oxacillin if the MIC of oxacillin was ,2 mg/L and in addition they did not carry mecA, as proposed by CLSI criteria. 21 Screening for SCCmec structural elements Dot-blot hybridization was performed as previously described. 1 Briefly, total DNA was fixed on nitrocellulose membranes and sequentially hybridized with specific probes for ccrAB2, ccrC, mecI and mecRI using 1: 1 and 1 :10 dilutions. Labelling and detection of probes was performed with the ECL Labeling and Detection System as suggested by the manufacturer (GE Healthcare Life Sciences, Little Chalfont, UK). The following controls were used: S. aureus COL (ccrAB1), 22 S. aureus N315 (ccrAB2), 19 S. aureus ANS46 (ccrAB3), 23 S. aureus HDE288 (ccrAB4), 24 S. aureus WIS (ccrC), 20 S. sciuri K3 (mecA, mecA1/pbpD and ccrAB3) 1 and S. sciuri K11 (mecA1/pbpD). 1 
Assessment of genetic backgrounds
The isolates that were positive for the presence of SCCmec structural elements by dot-blot hybridization were further characterized for their genetic background by analysis of SmaI macrorestriction patterns of chromosomal DNA obtained after PFGE. Agarose plugs with embedded DNA (DNA discs) were prepared as previously described 25 and restricted with SmaI (20 U/disc) following the manufacturer's instructions (New England Biolabs, Beverly, MA, USA). Analysis of the macrorestriction patterns was achieved with Bionumerics software (Applied Maths, Sint-Martens-Latem, Belgium). Dendrograms were generated with the Dice algorithm (1.1% optimization and 1.3 tolerance) using the unweighted pair group method with arithmetic mean (UPGMA) and PFGE types were defined with 75% similarity between clusters. Each different PFGE type was designated by a different capital letter. ApaI restriction and running conditions were exactly the same as those used with SmaI enzyme.
ccr typing
For strains carrying ccr gene homologues by dot-blot hybridization, the presence of ccrA, ccrB and ccrC was confirmed by PCR as previously described (Table S2 , available as Supplementary data at JAC Online). 20, 26 In addition, ccrA and ccrB were typed by sequencing an internal fragment obtained by PCR as previously described. 23 The resulting sequences were aligned and compared with the ccrA and ccrB sequences available at www. ncbi.nlm.nih.gov and www.ccrbtyping.net. Alignment of the sequences was performed using the ClustalW algorithm and phylogenetic analysis was performed using the neighbour-joining method, using MEGA5 software. 27 The ccrA and ccrB genes were considered to belong to the same ccr allotype when the sequences obtained shared .85% nucleotide identity. 7 The ccr genes were considered to be non-typeable when no amplification product by PCR or multiple superimposed peaks in sequencing reads were repeatedly obtained. The following controls were used for ccr screening by PCR: S. aureus COL (ccrAB1) 22 and WIS (ccrC).
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Identification of chromosomal location of SCC structural elements
The chromosomal location of SCCmec structural elements was analysed by Southern blotting of the rarely cutting enzymes SmaI and ApaI (50 U/DNA disc) restriction fragments, with probes for ccrAB2, orfX and mecA1/pbpD, using ECL Labeling and Detection system as suggested by the manufacturer (GE Healthcare Life Sciences, Little Chalfont, UK).
The following controls were used for Southern blotting: S. aureus COL (ccrAB1), 22 S. aureus HU25 (ccrAB3 and ccrC), 23 Staphylococcus epidermidis RP62A (ccrAB2), 22 S. epidermidis ATCC 12228 (ccrAB2 and ccrAB4),
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S. sciuri K1 (mecA1/pbpD and orfX), 1 S. sciuri K3 (mecA, mecA1/pbpD, ccrAB3 and orfX) 1 and S. sciuri K11 (mecA1/pbpD and orfX). Rolo et al.
Results
The ccr genes are frequent among methicillin-susceptible S. sciuri strains
In order to understand how common the central elements of SCCmec are in S. sciuri, we analysed 118 isolates that did not carry S. aureus mecA but carried the native mec homologue mecA1. Although all isolates had an MIC equal to or above the limit of resistance defined for coagulase-negative staphylococci (CoNS; between 0.5 and 2 mg/L), since they did not carry the mecA, they were all considered to be susceptible, as suggested by the CLSI guidelines. All the isolates were screened for the presence of genes within the mec complex (mecI and mecR1) and the ccr complex (ccrAB and ccrC) by dot-blot hybridization and PCR. Although we did not find any strain carrying mecI or mecR1, we found that 35% of the analysed S. sciuri strains (n ¼ 41) carried ccr genes (example in Figure 1a ). Moreover, we observed that the ccr-carrying strains belonged to 24 different PFGE types. In addition these isolates were obtained from different hosts (28 wild and domestic animals and humans), during different time periods (1972 to 2010) and have originated in distant geographic areas (Czech Republic, Sweden, Portugal, USA and the former Yugoslavia) (Table S3 , available as Supplementary data at JAC Online). In addition, the same ccr type was found to be associated with two or more PFGE types (Table S3 , available as Supplementary data at JAC Online and Figure 2 ).
The ccrAB allotypes of S. sciuri are similar to those carried by methicillin-resistant S. aureus (MRSA) strains
To understand the relatedness of the S. sciuri ccr genes to ccr genes carried by contemporary MRSA strains, we studied the ccr genes identified in the 41 ccr-positive strains using PCR and sequencing. All S. sciuri ccr genes belonged to allotypes A and B; no strains carrying ccrC were found. S. sciuri strains carried three main ccrA Figure 2 . Phylogenetic relationship of the ccr-positive S. sciuri strains based on the analysis of SmaI-restricted chromosomes separated by PFGE. The dendrogram was generated with the Dice algorithm (1.1% optimization and 1.3 tolerance) using the UPGMA method; PFGE types were defined with 75% similarity between clusters. In addition, PFGE type, percentage similarity in each node of the dendrogram, ccrAB type and epidemiological data are also shown for each ccr-positive isolate. ccrAB types were considered new when either ccrA or ccrB alleles were new. NT, non-typeable.
types that accounted for more than half of the strains (54%) analysed: ccrA5 (11 isolates, 27%), ccrA1 (6 isolates, 15%) and a new ccr type related to ccrA2 (80% nucleotide sequence identity; 5 isolates, 12%) (Table S4 , available as Supplementary data at JAC Online). The alleles ccrA1 and ccrA2 are usually associated with SCCmec types I and II/IV. Among the remaining strains, we identified several new ccrA allotypes that shared between 61% and 78% sequence identity with contemporary ccrA1 -A5 types (n¼ 19), and strains (n¼ 4) carrying non-typeable ccrA (Table S3 , available as Supplementary data at JAC Online and Figure 3a) . Regarding ccrB, the great majority of strains carried ccrB13 (n ¼ 19, 46%) and ccrB5/B7 (n ¼ 9, 22%). The remaining isolates carried either ccrB9 (n ¼ 5) or ccrB1 (n ¼ 2) (Table S3, Table S4 , available as Supplementary data at JAC Online and Figure 3b) . The ccrB13 was never found associated with any SCCmec type, but ccrB1 was found associated with SCCmec type I and ccrB5 and ccrB7 had 85% -86.6% nucleotide sequence identity with S. aureus ccrB3, which was previously found associated with SCCmec type III.
Only one of the five combinations of ccrA and ccrB types found in S. sciuri isolates analysed in this study was previously seen in MRSA. This corresponds to the ccrA1B1 complex found in SCCmec type I. The remaining ccr complexes were new and included new combinations of previously described ccrA and ccrB types (A1B13, A5B13, A5B5 and A5B9), new ccrA types (n ¼ 19 isolates) and non-typeable ccr types (n ¼ 9 isolates). In addition, we observed that none of the ccr complexes found here was restricted to a unique PFGE type (Table S3 , available as Supplementary data at JAC Online). mecA1/pbpD, ccrAB and orfX colocalize in the S. sciuri chromosome In order to find out if ccrAB of S. sciuri was also located in the orfX region (as in other staphylococcal species), we sequentially hybridized the SmaI macrorestriction fragments of S. sciuri isolates with probes for ccrAB2 and orfX. We found that for the great majority of isolates (n ¼ 34, 83%), ccr and orfX hybridized with the same SmaI fragment, ranging from 75 to 400 kb, suggesting that the ccr of S. sciuri also recognizes the orfX region as the site for integration into and excision from the chromosome (Table S3 , available as Supplementary data at JAC Online and Figure 1b and c).
Although mecA1/pbpD was suggested to be the origin of the methicillin resistance determinant mecA, its location in the chromosome had never been explored. To test this, we hybridized sequentially the SmaI macrorestriction PFGE fragments with probes for mecA1/pbpD and orfX. In addition, we sequentially hybridized also ApaI macrorestriction PFGE fragments, to discard the possibility of the existence of a SmaI cutting site between mecA1/pbpD and orfX. We found that in the majority of the isolates tested (76%), mecA1/pbpD and orfX colocalized in the same SmaI (n ¼ 14, SmaI fragments 200 -400 kb) or ApaI (n¼ 17, ApaI fragments 300 -400 kb; data not shown) fragments (Table S3 , available as Supplementary data at JAC Online and Figure 1b and c) . These results indicate that the location of mecA1/pbpD on the S. sciuri chromosome is in the vicinity of orfX.
To understand how close the mecA precursor (mecA1/pbpD) was to ccr, the proximity of these elements was assessed using Southern hybridization of SmaI restriction fragments using specific probes. We found that in 31% of the ccrAB-carrying strains, ccrAB, orfX and mecA1/pbpD colocalized in the same SmaI fragment (200 -400 kb), indicating that all three genes are in the vicinity of one another in the chromosome (Table S3 , available as Supplementary data at JAC Online and Figure 1b and c) .
Discussion
It was previously proposed that S. sciuri mecA1/pbpD was the evolutionary precursor of the methicillin resistance determinant mecA, 1 -3,29 but the steps that led to the introduction of this native gene into a mobile genetic element remained unknown. In this study, we provided further evidence of the key role of S. sciuri in the assembly of the core structural elements of SCCmec.
The extremely high frequency of ccr in susceptible S. sciuri represents the highest described so far in any methicillinsusceptible staphylococci (not carrying the S. aureus mecA).
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These recombinases were found widely distributed in the S. sciuri population analysed, including several different PFGE types originating in different hosts and distant geographic regions as well as periods of isolation. These results demonstrate the wide distribution of ccr in the S. sciuri population and the existence of multiple independent acquisitions of these genes by S. sciuri, suggesting either a high rate of ccr acquisition or a high recombination occurring at the ccr chromosomal locus. Furthermore, such high frequency and wide distribution imply that this species might have been the most natural ccr recipient among staphylococci. The S. sciuri ccrAB genes could have been imported or be descendants of the distant ccr homologues found in Macrococcus caseolyticus and Enterococcus. 15, 16 Besides being widely distributed in S. sciuri, the ccrAB found in this species were highly diverse, including relatives of ccrA and ccrB allotypes described in MRSA but also different ccrA and ccrB combinations. This high diversity in the ccr locus and the occurrence of several new combinations of ccrA and ccrB is in contrast to what was observed before for other methicillin-susceptible CoNS species, such as S. epidermidis, Staphylococcus haemolyticus and Staphylococcus hominis, which appear to carry only specific ccr allotypes and specific ccrAB combinations. 30 -32 This level of genetic diversity suggests that ccrAB may have been present in S. sciuri for a long time and this species might have been the source of all ccr allotypes presently carried by SCCmec in other staphylococci. The reasons for S. sciuri being so receptive to such a different array of ccr genes are not known, but might be related to its ubiquitous nature in the environment or to a nonidentified specificity of its epidemiology, associated with an enhanced ability to acquire and maintain mobile genetic elements or with an increased recombination rate. In particular, the high level of nucleotide identity found between S. sciuri ccrA1 (87%) and ccrB1 (97%) with those ccr genes found in SCCmec type I, suggests that S. sciuri could have been the source for the assembly of ccrA1B1 carried by SCCmec type I of the historically early strains of MRSA. 22, 33 Moreover, ccrA1B1 was the unique ccrAB combination that was observed both in S. sciuri and MRSA. Similarly, S. sciuri may also have been the origin of ccrA3B3, since close homologues of these allotypes and combination of these allotypes (ccrA5, ccrB5 and ccrB7) were also frequently found in this species. Interestingly, the ccrA3B3 complex is part of SCCmec type III, which is the most Figure 3 . Phylogenetic trees constructed from ccrA (a) or ccrB (b) nucleotide sequences. Alleles carried by S. sciuri isolates and prototype strains (in bold; 'S.' stands for Staphylococcus) are shown. Alignments of the sequences were performed using the ClustalW algorithm and dendrograms were predicted based on nucleotide percentage identity with the neighbour-joining method, using MEGA5 software. 27 Allotypes were defined considering a cut-off of 85% identity. 7 Rolo et al. frequently found SCCmec type in methicillin-resistant S. sciuri. 34 However, since ccr from S. sciuri were not 100% identical to those found within SCCmec, we cannot exclude the existence of intermediate ccr structures between the two.
We found that the nucleotide sequences of the ccrA and ccrB genes found in S. sciuri were similar to those of SCCmec carried by contemporary MRSA strains. In addition, the location of these genes in the chromosome was near orfX. According to our data, orfX is also the location of the mecA1/pbpD gene on the S. sciuri chromosome in the majority (76%) of the isolates tested. In the remaining 24% of isolates, the hybridization of ccr and orfX with different SmaI/ApaI fragments could be explained by the presence of a SmaI cutting site between ccr and orfX. However, we cannot exclude that ccr might be located in another region of the chromosome in these particular strains.
The location of mecA1/pbpD, near orfX, is unique. In species such as S. aureus, S. haemolyticus, S. epidermidis and Staphylococcus saprophyticus, pbp genes are scattered throughout the genome (www.ncbi.nlm.nih.gov) and are far away from the orfX region, except for the mecA gene that encodes PBP2a. Moreover, we found high variability in the orfX region as illustrated by the variation in the size of SmaI-orfX hybridizing fragments, as was previously observed for S. epidermidis, 18 suggesting the frequent insertion and excision of elements in this site. The recent finding in S. sciuri of a hybrid SCCmec-SCC structure carrying the recently described mecC, near orfX, evidences well the level of recombination occurring in the region. 35 These data suggest that the original location of mecA1/pbpD near orfX, a hot spot for variation in staphylococci, was probably important for its assembly into SCCmec in S. sciuri.
Altogether, our results allow us to propose that S. sciuri may have been the species in which 'the capture' of mecA1/pbpD by an SCC-like element might have occurred. Studies are being conducted, including the parallel analysis of the orfX vicinity and the spontaneous excision of putative SCCmec elements in S. sciuri and other species of the S. sciuri group (S. fleurettii and S. vitulinus), which we hope will help to identify the species in which the assembly of a primordial mobile SCCmec structure could have occurred.
In conclusion, we showed that the chromosomal location of mecA1/pbpD in S. sciuri was probably critical for its integration into SCCmec. Moreover, we provided evidence that suggests that S. sciuri might have contributed not only with the mecA precursor but also with ccr genes for the assembly of SCCmec.
